A helium microwave-induced plasma (MIP) at atmospheric pressure has been generated in a modified TMolo Beenakker cavity. The MIP was coupled with a laboratory-built mass spectrometer used to measure the isotope ratios of Fe, Br and Se, which are not easily measured by an Argon inductively coupled plasma (ICP) source, due to spectral interference. In helium MIP, the analyte signal intensities are maximum when a torch edge is sampled; unidentified molecular ions appear across the entire mass range when the torch center is sampled. The measured isotope ratios agree quite well with the accepted values, and the detection limits are in the low-ppb range.
Atmospheric-pressure plasma-source mass spectrometry has inherent advantages over other spectrometric techniques, such as clean spectra and isotope ratio measurements. Of the three atmospheric-pressure plasma-ion sources [inductively coupled plasma (ICP), microwave-induced plasma (MIP), direct-current plasma (DCP)], ICP has been the most widely used, primarily because of the high sensitivity, offering ppt levels of the detection limits for most metallic elements. Although most elements are ionized in ICP with an efficiency of 90% or betters, nonmetallic elements of high ionization potential, such as halogen atoms, are not efficiently ionized in ICP. Moreover, the presence of some polyatomic ions such as ArN+, ArO+, Ar2+ renders it almost impossible to accurately measure the isotope ratios of Fe and Se, due to spectral interference.
Various techniques have been utilized to alleviate spectral interference problem. Electrothermal vaporization (ETV) is an alternative sample-introduction method in which dry argon carrier gas containing sample particulates is injected into an ICP. ETV was used by Whittaker and co-workers2 for the determination of the Fe isotope ratios. Quite a few researchers added small amounts of gas or organic solvent to an ICP in order to reduce the number of polyatomic ions. Evans and Ebdon3 added a small amount of organic solvent (e.g. propanol) or molecular gas (N2 or 02) to the argon carrier gas in order to reduce the spectral interference on As and Se of ArCl and Ar2t Lam and McLaren4 added 8% N2 to the coolant argon flow in order to reduce the ArO+ background peak. Smith and co-workers5 reduced the count rates of various polyatomic ions more extensively than those of analytes by adding small amounts of xenon (1037 ml min') to the argon carrier gas. Although a collision-induced dissociation with tandem quadrupoles6 and high resolution ICP-MS' were also employed in order to solve the spectral interference problem, they are too expensive to be practically applied in routine analytical work. A more fundamental approach to a solution is to use another plasma source supported in a different discharge gas than argon.
The MIP, unlike the ICP, can be easily generated with many kinds of supporting gases, such as He, N2, 02, air and CO2. An N2 MIP source is especially useful for measuring the K and Ca isotope ratios, since Ar is not easily ionized in an N2 MIP. However, since an N2 MIP is a relatively soft ionization source, it shows decreased sensitivity for elements with ionization potentials greater than 9 eV.8 He has an ionization potential of 24.6 eV, which is much higher than that of Ar. Thus, He plasma can be a complementary ion source which makes up for the limitations of the Ar ICP source. He MIP-MS has been studied, especially for the detection of halogen atoms.9-11 A paper by Creed and coworkers" was the first one to report isotope ratio measurements of Br and Se in aqueous solutions by He MIP-MS.
In this work, He MIP coupled to a laboratory-built mass spectrometer is employed to measure the isotope ratio of Fe in an aqueous solution, in addition to those of Br and Se. The successful measurement of the isotope ratios shows the feasibility of a custom-built He MIP-MS system for the determination of analytes which are not easily determined by Ar ICP-MS.
This paper was presented at the Kitami Conference of ICAS'91.
Instrumentation A schematic of the MIP generation system is shown in Fig. 1 . The He MIP is generated and sustained in a tangential flow torch; the cavity used in this work was a modified TMolo-type cavity comprising copper and cooled by water; it was constructed in this laboratory. The microwave generator (Micro-Now, Model 420B, Skokie, Illinois, USA) was coupled to the cavity via a coaxial line, isolator (Micro-Now, Model 420B/ IS) and a double stub tuner (DS109, Weinschel Engineering). The isolator is used to absorb any reflected power from the cavity in order to protect the generator. The plasma is initiated by inserting a sharpened tungsten wire (1 mm in diameter) inside the torch, and applying about 300 W of power. The tungsten wire should be removed from the torch immediately after plasma ignition. For sample introduction, a Meinhard He nebulizer (TR-50-HK02) and a Scott-type spray chamber were used. A peristaltic pump (Minipuls 3, Gilson) was employed to control the sample uptake rate. The cavity and spray chamber were mounted on a laboratory-built XYZ translator for fine adjustments of the torch position relative to the sampler orifice.
The mass spectrometer coupled to the MIP source was designed and constructed in this laboratory, and is shown in Fig. 2 . Except for the interface, it is essentially the same system as the instrument used in the ICP-MS work reported previously.12 Only the interface had to be modified to use the MIP source. Interface pumping load The interface which had been used in Ar ICP-MS studies had to be modified for the He MIP-MS work, since the gas-flow rate of the He MIP source into an interface is much higher than that of the Ar ICP source. The gas-flow rate (G) through the sampler orifice from a high-temperature plasma into an interface is given13 by
where no=Po/ kTo is the source number density. Further, ao=(ykTo/ m)112 is the speed of sound at the plasma source, D=sampler orifice diameter, k= Boltzmann constant, Po=source pressure, To=source gas kinetic temperature, m=atomic mass of the plasma gas, and y=specific heat ratio. Thus, the gas-flow rate into an interface is proportional to (mTo)-1/2. If the gas kinetic temperatures of He MIP and Ar ICP are 2000 and 6000 K, respectively, the gas-flow rate with the He MIP source is roughly 5.5-times that with the Ar ICP source. Thus, in this work, the sampler orifice size was appropriately reduced so as to alleviate the interface pumping load.
Background mass spectra
The He MIP generated in the Beenakker cavity, unlike the Ar ICP, is not a doughnut-shaped plasma. The analyte signals are observed only when the torch edge is sampled. The background mass spectra show an enormous change as the sampling position is shifted. Figure 3 shows the three background mass spectra observed when deionized water was nebulized into the plasma. Figure 3a shows the background mass spectrum obtained when the torch edge was sampled. The major ions appearing in Fig. 3a are 0+, OH, OH2+, OH3+, NO, 02+, O2H+; neither He+ nor He2+ was observed. At a mass range above 40, the background spectrum was clean and free of any spectral interference. When the torch center was sampled, He, He2+, C+, N+, N2+ and Ar+ were additionally observed, as shown in Fig. 3b . The background counts are much higher than those with edge sampling. The high mass range (50 -100 amu) of Fig. 3b was 100-times expanded (Fig. 3c) . Even in the high-mass range, the background was full of unidentified molecular ion peaks, and no masses were free of spectral interference at the center sampling position. Isotope ratio measurement The effect of the radial sampling position on the 80Se signal intensity is shown in Fig. 4 . The signal intensity is maximum at the torch edges, and no signal is observed near center. The peak intensity at one edge is much higher than that at the other edge, suggesting that the plasma in this cavity was not symmetric. Thus, the isotope peaks of the three analytes were acquired at the edge sampling position. For all three analytes, although the maximum intensities appeared at the edge sampling position, they had a few tenths mm difference. Figure 5 shows five Se isotope peaks from a 10 ppm Se solution; Table 2 lists five Se isotope abundances calculated by integrating a 0.6 amu interval for each isotope peak. Table 2 shows that, except for S2Se, the average abundance of each isotope is within a 3% error from the accepted ratio with an RSD value of less than 2%. Table 2 also shows a typical trend of mass discrimination in ICP-MS. The isotope abundances of lighter masses 76Se, 77Se, 78Se) are less than the accepted values, while those of the heavier masses (80Se,82Se) are higher than the accepted values. The heaviest isotope (S2Se) shows the largest error in the isotope abundance measurements. Figure 6 shows two Br isotope peaks (79Br, 81Br). In Fig. 6 , the background peaks at 76, 77, 78 and 83 amu are negligibly small at the edge sampling position. When the sampling position was shifted to the torch center with the same Br solution nebulized, a new mass spectrum (Fig. 7) was obtained. Figure 7 shows unidentified molecular ions at background masses and greatly reduced Br isotope peaks, compared with Fig. 6 . In Fig. 7 , the 81Br peak is much higher than the 79Br peak, indicating that the two peaks are not from Br ions, but from unidentified molecular ions. Figure 8 shows three Fe isotope peaks (54Fe, 56Fe, S7Fe) obtained by adjusting the sampling position so that the background peak at 55 amu is minimum. Table 3 lists the Fe and Br isotope ratios calculated by integrating a 0.6 amu interval for each isotope. In Table 3 , although the isotope ratio of 54Fe/ 56Fe agrees quite well with the accepted ratio , that of 56Fe/ S7Fe is far from the accepted ratio , indicating that the S7Fe signal suffers from spectral interference, even at the edge sampling position. The polyatomic ions which cause the spectral interference at m/ z=57 are not clearly The isotope ratios of Fe, Br and Se have been successfully determined by He MIP-MS with a precision that is satisfactory for the isotope dilution work. The background mass spectrum shows a tremendous change which depends on the sampling position; the background intensities are minimum at the edge sampling position. Though the present detection limits are in the low-ppb range, they can be improved by employing either a desolvation system or an electrothermal vaporizer. The He MIP source used in this work requires a cumbersome fine adjustment of the sampling position for an accurate determination of the isotope ratios. A doughnutshaped MIP could eliminate the fine-adjustment requirement and improve the overall analytical performance. Thus, future work includes designing a new MIP torch and cavity for generating a doughnutshaped plasma. 
